We fabricated thermosetting maleimide polymers with excellent thermal and optical properties by the sequence-controlled radical copolymerization of N-allylmaleimide (AMI) and N-(2-ethylhexyl)maleimide (EHMI) with diisobutylene (DIB) and postpolymerization reactions. The AAB-type maleimides/DIB copolymers randomly containing an allyl group in the side chain were thermally or photochemically cured using pentaerythritol tetrakis(3-mercaptobutyrate) as a polyfunctional thiol by thiol/ene reaction. The organic-inorganic hybrid was also fabricated by the thiol/ene reaction of the maleimide copolymers containing allyl side groups combined with surface-modified silica nanoparticles. The produced organic-inorganic hybrid was dispersed in tetrahydrofuran. The transparent films of the maleimide copolymers containing the hybrid were obtained by casting and drying. The crosslinked polymers and the organic-inorganic hybrid obtained in this study exhibited excellent thermal stability as well as the high transparency.
Introduction
N-Substituted maleimides (RMIs) polymerize in the presence of a radical initiator to give a polymer with excellent thermal stability because of a robust imide-ring structure included in the repeating units of the resulting substituted polymethylenes. [1] [2] [3] [4] [5] [6] The RMIs also copolymerize with electron-donating monomers, such as styrene, vinyl ethers, and olefins, to give alternating copolymers with excellent thermal stability and a high glass transition temperature (T g ). [7] [8] [9] [10] [11] Especially, the copolymerization of the RMIs with isobutene provided an alternating copolymer with excellent thermal stability, high transparency, and high modulus and strength. [12, 13] The introduction of polar groups and cyclic structures into the olefin repeating units led to further increases in their thermally stability and the T g values. [14] [15] [16] Recently, we demonstrated that the copolymerization of the RMIs provided copolymers with finely controlled structures in the 1:1 alternating and 2:1 sequence-controlled fashions, depending on the steric bulkiness and conjugated structure of olefin and styrene derivatives. [17, 18] The sophisticated AAB-type sequence structures were produced during the copolymerization under penultimate unit control (Scheme 1). [19] [20] [21] [22] It was previously reported that the maleimide copolymers including an allyl group in the side chain were fabricated by the combination of olefin moieties with different reactivity. [23] This was unique method for the design of a new thermosetting system including radical reaction processes for polymerization and postpolymerization reactions.
In this study, we synthesized the maleimide copolymers containing reactive groups in the side chain by the sequence-controlled radical copolymerization of N-allylmaleimide (AMI) and N-(2-ethylhexyl)maleimide (EHMI) with diisobutylene (DIB, 2,4,4-trimethyl-1-pentene) and investigated the thermal and photochemical curing processes of the obtained copolymers using thiol/ene reactions. [24, 25] The organic-inorganic hybrids were also fabricated by the thiol/ene reaction of the maleimide copolymer with silica nanoparticles. [26, 27] The thermal stability and optical property of the crosslinked maleimide copolymers and their hybrid with silica nanoparticles obtained in this study were evaluated.
Experimental
Commercial 2,2'-azobisisobutyronitrile (AIBN) was recrystallized from methanol. AMI and EHMI were synthesized according to the method reported in a previous paper. [23] DIB and the solvents were distilled before use. Silica nanoparticles were supplied from Fuso Chemical, Co., Ltd. and used as the dispersion in methyl ethyl ketone. After the freeze-thaw cycles of the mixture of the RMIs, DIB, a radical initiator, and chloroform, the solution was heated at 60 °C for 5 h, then the reaction mixture was poured into a large amount of methanol to precipitate the copolymers. The copolymers were filtered out, washed, then dried in vacuo at room temperature. The yield of the copolymers was gravimetrically determined. The copolymers were purified by repeated precipitation procedures using chloroform and methanol. The composition of the obtained copolymers was determined by 1 H NMR spectroscopy. Number-average molecular weight (M n ), weight-average molecular weight (M w ), and polydispersity (M w /M n ) were determined by size exclusion chromatography with tetrahydrofuran as the eluent using the system consisting of Chromato-Science CS300C, JASCO PU2080Plus, JASCO DG2080-53, and JASCO RI2031Plus equipped with Tosoh TSK-gel GMH HR -N and GMH HR -H columns, and calibration with standard polystyrenes. The thermogravimetric and differential thermal analyses (TG/DTA) were carried out using a Shimadzu DTG-60 in a nitrogen stream at the heating rate of 10 °C/min. The onset temperature of decomposition (T d5 ) was determined as the 5% weight-loss temperature in the TG curves. The maximum temperature of decomposition (T max ) was determined as the peak temperature of the differential TG curves. The differential scanning calorimetry (DSC) was carried out using a Shimadzu DSC-60 at the heating rate of 10 °C/min. The NMR spectra were recorded in CDCl 3 using JEOL ECS-400 and ECX-400 spectrometers. The IR and UV-vis spectra were recorded using JASCO FT-IR410 and Shimadzu UV-2400PC spectrometers, respectively.
Results and Discussion
The radical copolymerization of AMI and EHMI with DIB were carried out in the presence of AIBN in chloroform at 60 o C for 5 h to synthesize sequence-controlled RMIs/DIB copolymers. The copolymers with 2:1 composition of the RMIs and DIB units (PAED-Xs) were produced, independent of the comonomer ratios in the feed, as shown in Table 1 . The total amount of AMI and EHMI was 66-76 mol% under the used conditions. This indicated that the AAB-type sequence was predominantly produced during the copolymerization of the RMIs with bulky DIB under the penultimate unit control, [17] [18] [19] being different from the formation of alternating copolymers with isobutene under terminal control. [11] [12] [13] The AMI content varied in a range of 12-43 mol% in the copolymers. The carbon-to-carbon double bond of the maleimide ring had a reactivity 10 3 times higher than that of the allyl moiety in the side group, resulting in the selective participation of the maleimide double bonds in propagation during the copolymerization. [23] The obtained copolymers were soluble in many solvents and the M n and M w /M n values were determined to be 2.2-2.7 and 3.2-3.5, respectively. The M w /M n values were greater than that expected to linear polymers produced by conventional radical polymerization, suggesting branched copolymer formation in the presence of the allyl groups. The onset and maximum decomposition temperatures, T d5 and T max , were over 290 and 380 o C, respectively, for the PAED-Xs (Table 1 ). The glass transition was observed at 100 o C for PAED-12, but no T g was detected for PAED-22 and PAED-43 because of an increase in the AMI content and the easy occurrence of thermal crosslinking during the DSC measurement.
The photocuring of the PAED-Xs was carried out under photoirradiation of 365 nm light in vacuo or air in the presence of pentaerythritol tetrakis-(3-mercaptobutyrate) (PEMB, [allyl]/[SH] = 1/1 in a molar ratio) as a tetrafunctional thiol and 2,2-dimethoxy-2-phenylacetophenone (DMPA, 1 wt%) as a photoradical initiator. The insoluble fraction increased with an increase in the irradiation dose for the all cases [ Figure 1(a) ]. The insoluble fraction was determined based on the change in the polymer film thickness after dissolved in chloroform for 10 min. The insoluble fraction values after photoirradiation at 2000 mJ/cm 2 dose in air were in the order of PAED-43 > PAED-22 >> PAED-12 ~ 0. Thus, the photochemical curing effectively proceeded for the copolymer including a high number of AMI repeating units. The higher insoluble fractions were obtained during the curing in vacuo compared to the results in air. We also investigated thermally curing reactions using PAED-43 and PAED-22 with PEMB at 120 o C in vacuo. The thermal curing proceeded depending on the allyl amount in the copolymers and the bake time [ Figure 1(b) ]. The cured PAED-Xs exhibited excellent thermal stability, i.e., high T d5 and T max values ( Table 2) .
We also fabricated the hybrid of the PAED-Xs with the silica nanoparticles containing an SH moiety on the surface. The thiol/ene reaction was carried out using the dispersion of the silica nanoparticles in methyl ethyl ketone in the presence of the PAED-X and AIBN (5 wt% to sum of the polymer and the silica) at 60 o C for 5 h to obtain the PAED-X/silica hybrid. After the reaction, the remaining silica nanoparticles were removed as the precipitant using tetrahydrofuran, then the PAED-X/silica hybrid was isolated as the precipitant using a mixture of methanol and chloroform (63/37 in a volume ratio). The hybrid was used as the tetrahydrofuran dispersion. The maleimide copolymer chains connected to the particle surfaces by covalent bonding were confirmed by the dispersion stability using several organic solvents and IR spectroscopy. Highly transparent films were fabricated by casting the dispersion of the mixture of PAED-12 and the hybrids. The transmittance of visible light was higher than 90% for the film containing the PAED-X/silica hybrid, of which silica content was 5 wt%, as shown in Figure 2 . This was due to the suppressed coagulation of the silica particles, of which surface was surrounded by PEAD-X, being in contrast to the low transparency of the blend film of PEAD-X and silica particles. The T d5 value of the hybrid was 392 o C, which was much higher than that of the precursor polymer, PAED-43 (T d5 = 289 o C) because the polymer chains were fixed to the silica surface at multiple points. The fragments of the polymer produced during the thermal degradation were still connected to the silica particles, leading to the retardation of volatile product formation.
Thus, the sequence-controlled radical copolymerization of the RMIs with olefins is valuable for the synthesis of high-performance transparent polymer materials. Recent years, transparent polymers with a high T g and excellent properties are one of the key materials for electronic and photonic applications, and therefore, various types of polymers and their composites have been developed as highperformance transparent materials. [16, [28] [29] [30] [31] It is noted that the radical copolymerization of the RMIs and the postpolymerization using thiol/ene reactions are useful as the method for high-performance polymer materials production. 
